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A DC-DC converter includes a switching device, a drive
circuit for turning on and off the switching device, a boot-
strap capacitor electrically connected to the drive circuit, and
a control circuit electrically connected to the drive circuit.
The control circuit is operable to charge the bootstrap
capacitor for a charging duration periodically at a charging
period longer than an on-off period at which the switching
device is turned on and off periodically. This DC-DC con-
verter performs efficient boost and step-down operations.
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1
DC-DC CONVERTER

This application is a U.S. national stage application of the
PCT international application No. PCT/JP2013/006966 filed
on Nov. 27, 2013, which claims the benefit of foreign
priority of Japanese patent application No. 2012-264045
filed on Dec. 3, 2012, the contents all of which are incor-
porated herein by reference.

TECHNICAL FIELD

The present invention relates to a DC-DC converter
capable of stepping up and stepping down a voltage.

BACKGROUND ART

FIG. 8 is a circuit diagram of conventional power supply
circuit 500 disclosed in PTL 1. Power supply circuit 500
includes buck-boost DC-DC converter 500A for stepping up
or stepping down a DC voltage.

Power supply circuit 500 includes input port 103 con-
nected to commercial power supply 101. Diode bridge 105
is connected to input port 103, and input capacitor 107 is
connected in parallel to a subsequent stage of diode bridge
105. Buck-boost converter 500A is also connected to the
subsequent stage of diode bridge 105.

Buck-boost converter 500A includes choke coil 109,
high-side switching device 11, low-side switching device
113, diodes 115 and 117, and output capacitor 119. Both
ends of output capacitor 119 function as output ports 121 of
power supply circuit 500. Load 123 is connected to output
ends 121.

Power supply circuit 500 includes controller 125, current
detector 127, and high-side driver IC 129. Power supply
circuit 500 further includes bootstrap capacitor 131 and
diode 133 that constitute a bootstrap circuit.

DC driver voltage Vcc is applied to controller 125.
Controller 125 generates a switching signal for turning on
and off high-side switching device 111 and low-side switch-
ing device 113 so that an output current may match a target
current.

In the bootstrap circuit shown in FIG. 8, bootstrap capaci-
tor 131 is charged with DC drive voltage Vce when both of
high-side switching device 111 and low-side switching
device 113 are turned off. By using this charge, a ground
level of a switching signal of high-side switching device 111
is raised to secure a drive voltage to turn on high-side
switching device 111.

However, in conventional power supply circuit 500,
diodes 115 and 117 generate heat during operation, and
cause the entire efficiency of power supply circuit 500 to
degrade accordingly.

CITATION LIST
Patent Literature

PTL 1: Japanese Patent Laid-Open Publication No. 2012-
29361

SUMMARY

A DC-DC converter includes a switching device, a drive
circuit for turning on and off the switching device, a boot-
strap capacitor electrically connected to the drive circuit, and
a control circuit electrically connected to the drive circuit.
The control circuit is operable to charge the bootstrap
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2

capacitor for a charging duration periodically at a charging
period longer than an on-off period at which the switching
device is turned on and off periodically.

This DC-DC converter performs efficient buck and boost
operations.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a circuit block diagram of a DC-DC converter
in accordance with Exemplary Embodiment 1 of the present
invention.

FIG. 2A is a timing chart of a boost operation of the
DC-DC converter in accordance with Embodiment 1.

FIG. 2B is a timing chart of a buck operation of the
DC-DC converter in accordance with Embodiment 1.

FIG. 3 is a circuit block diagram of another DC-DC
converter in accordance with Embodiment 1.

FIG. 4 is a circuit block diagram of a DC-DC converter
in accordance with Exemplary Embodiment 2 of the present
invention.

FIG. 5A is a timing chart of a boost operation of the
DC-DC converter in accordance with Embodiment 2.

FIG. 5B is a timing chart of a buck operation of the
DC-DC converter in accordance with Embodiment 2.

FIG. 6 is a circuit block diagram of a DC-DC converter
in accordance with Exemplary Embodiment 3 of the present
invention.

FIG. 7A is a timing chart of a boost operation of the
DC-DC converter in accordance with Embodiment 3.

FIG. 7B is a timing chart of the buck operation of the
DC-DC converter in accordance with Embodiment 3.

FIG. 8 is a circuit diagram of a conventional power supply
circuit.

DETAIL DESCRIPTION OF PREFERRED
EMBODIMENTS

Exemplary Embodiment 1

FIG. 1 is a circuit block diagram of DC-DC converter 11
in accordance with Exemplary Embodiment 1 of the present
invention. DC-DC converter 11 is configured to output
voltage Vo obtained by converting input voltage Vi. DC-DC
converter 11 includes input terminal 13, ground terminal 15,
switching device 17 electrically connected in series between
input terminal 13 and node 17P, switching device 19 elec-
trically connected in series to switching device 17 at node
17P and between node 17P and ground terminal 15, drive
circuit 21 that turns on and off switching device 17, boot-
strap capacitor circuit 61 electrically connected to drive
circuit 21, and drive circuit 23 that turns on and off switching
device 19. DC-DC converter 11 further includes output
terminal 25, switching device 27 electrically connected in
series between output terminal 25 and node 27P, switching
device 29 electrically connected in series to switching
device 27 at node 27P and between node 27P and ground
terminal 15, drive circuit 31 that turns on and off switching
device 27, bootstrap capacitor circuit 71 electrically con-
nected to drive circuit 31, and drive circuit 33 that turns on
and off switching device 29. DC-DC converter 11 further
includes inductor 35 electrically connected in series between
nodes 17P and 27P, and control circuit 37 electrically
connected to drive circuits 21, 23, 31, and 33. Input voltage
Vi is applied to input terminal 13. Output terminal 25
outputs output voltage Vo. DC-DC converter 11 is config-
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ured to convert input voltage Vi input from input terminal 13
into output voltage Vo, and to output voltage Vo from output
terminal 25.

FIG. 2A is a timing chart illustrating a boost operation of
DC-DC converter 11. FIG. 2B is a timing chart illustrating
a buck operation of DC-DC converter 11. FIGS. 2A and 2B
show switching signals S17, S19, S27, and S29 input to
gates of switching devices 17, 19, 27, and 29, respectively.
In the timing charts shown in FIGS. 2A and 2B, vertical axes
represent values of switching signals S17, S19, S27, and
S29, and horizontal axes represent time. Each of switching
signals S17, S19, S27, and S29 takes two values, “on” and
“off”, corresponding to situations of turning on and off each
of switching devices 17, 19, 27, and 29, respectively. When
the DC-DC converter steps down input voltage Vi to convert
input voltage Vi into output voltage Vo, and outputs output
voltage Vo from output terminal 25, control circuit 37 is
operable to turn on and off switching devices 17 and 19
periodically at on-off frequency fl, to turn off switching
device 27 and turn on switching device 29 for charging
duration Pc2 as to charge bootstrap capacitor 49 of bootstrap
capacitor circuit 71 periodically at charging period Tc2 that
is the reciprocal of charging frequency fc2 lower than on-off
frequency fl1, and to turn on switching device 27 and turn off
switching device 29 for duration Qc2 in charging period Tc2
other than charging duration Pc2 periodically at charging
period Tc2. When the DC-DC converter steps up input
voltage Vi to convert input voltage Vi into output voltage Vo
and outputs output voltage Vo from output terminal 25,
control circuit 37 is operable to turn on and off switching
devices 27 and 29 alternately and periodically at on-off
frequency 12, to turn off switching device 17 and turn on
switching device 19 for charging duration Pcl as to charge
bootstrap capacitor 43 of bootstrap capacitor circuit 61
periodically at charging period Tcl that is the reciprocal of
charging frequency fcl lower than on-off frequency 12, and
to turn on switching device 17 and turn off switching device
19 for duration Qcl in charging period Tcl other than
charging duration Pcl periodically at charging period Tcl.

In conventional power supply circuit 500 shown in FIG.
8, diodes 115 and 117 necessary for the boost operation
generate heat due to forward voltage drops during operation,
degrading the entire efficiency of power supply circuit 500
accordingly.

In DC-DC converter 11 in accordance with Embodiment
1, all semiconductor devices necessary for the buck-boost
operation are switching devices which do not include
diodes, and scarcely produce a power loss due to forward
voltage drops of the diodes. Since bootstrap capacitor circuit
71 is also connected to drive circuit 31 for switching device
27 connected to the high side, DC-DC converter 11 can
perform the buck-boost operation reliably. Accordingly,
DC-DC converter 11 can perform efficient buck-boost
operation.

A structure and operation of DC-DC converter 11 in
accordance with Embodiment 1 will be described below. In
DC-DC converter 11 in accordance with Embodiment 1,
direct-current (DC) power supply 39 is connected to input
terminal 13. In accordance with Embodiment 1, DC power
supply 39 is solar cells that output a voltage fluctuated by
season, climate condition, or shadow. DC-DC converter 11
is configured to receive the voltage of DC power supply 39
as input voltage Vi, and steps up and down input voltage Vi
to output constant output voltage Vo.

DC power supply 39 is electrically connected to input
terminal 13 and ground terminal 15 of DC-DC converter 11.
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Power generated by DC power supply 39 is input to DC-DC
converter 11 through input terminal 13 and ground terminal
15

Load 41 is electrically connected to output terminal 25
and ground terminal 15 of DC-DC converter 11. Load 41
may be an electronic product that is driven by constant DC
voltage output from DC-DC converter 11, or an electronic
product, such as a power conditioner, driven by commercial
power (e.g., alternating-current (AC) 100V power) con-
verted by an inverter.

The structure of DC-DC converter 11 will be detailed
below.

Switching devices 17 and 19 are semiconductor switching
devices, and are field-effect transistors (hereafter referred to
as FETs) in accordance with Embodiment 1. Switching
devices 17 and 19 are not limited to FETs. As long as being
turned on and off in response to external on-off signals, any
of switching devices is applicable.

Drive circuit 21 for turning on and off switching device 17
is electrically connected to a gate of switching device 17
implemented by an FET. Drive circuit 21 turns on and off
switching device 17 in response to switching signal SW1
output from control circuit 37.

In order to turn on switching device 17, a ground level of
voltage applied to the gate of switching device 17 is raised.
In DC-DC converter 11 in accordance with Embodiment 1,
bootstrap capacitor circuit 61 electrically connected to drive
circuit 21 raises the ground level of voltage applied to the
gate of switching device 17.

Bootstrap capacitor circuit 61 includes bootstrap capaci-
tor 43, diode 45, and drive power supply 47. A positive
terminal of drive power supply 47 is electrically connected
to positive power supply terminal 21P of drive circuit 21 via
diode 45 to activate drive circuit 21. Negative power supply
terminal 21N of drive circuit 21 is electrically connected to
node 17P at which switching devices 17 and 19 are con-
nected. Accordingly, the ground level of drive circuit 21
becomes a voltage at node 17P. Bootstrap capacitor 43 is
electrically connected between positive power supply ter-
minal 21P and negative power supply terminal 21N of drive
circuit 21. Accordingly, when switching device 17 is turned
on, a maximum voltage of the ground level (node 17P)
becomes input voltage Vi. In order to continuously turn on
switching device 17, power stored in bootstrap capacitor 43
is supplied to drive circuit 21. A voltage provided by adding
a voltage of bootstrap capacitor 43 to the ground level, i.e.,
the voltage at node 17P, is supplied to positive power supply
terminal 21P of drive circuit 21.

Drive circuit 23 for turning on and off switching device 19
is electrically connected to a gate of switching device 19
implemented by an FET. Drive circuit 23 turns on and off
switching device 19 based on switching signal SW2 output
from control circuit 37. Since negative power supply termi-
nal 23N of drive circuit 23 is electrically connected to
ground terminal 15, drive circuit 23 is always driven by
drive voltage Vcc from drive power supply 47. Accordingly,
a bootstrap capacitor circuit is not connected to drive circuit
23.

Switching devices 27 and 29 are semiconductor switching
devices, and they are FETs in DC-DC converter 11 in
accordance with Embodiment 1. However, switching
devices 27 and 29 are not limited to FETs. As long as the
switching operation is feasible based on external on-off
signals, any semiconductor switching device is applicable.

Drive circuit 31 for turning on and off switching device 27
is electrically connected to a gate of switching device 27
implemented by an FET. Drive circuit 31 turns on and off
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switching device 27 in response to switching signal SW3
output from control circuit 37.

In order to turn on switching device 27, a ground level of
voltage applied to the gate of switching device 27 is raised.
In DC-DC converter 11 in accordance with Embodiment 1,
bootstrap capacitor circuit 71 electrically connected to drive
circuit 31 raises the ground level of voltage applied to the
gate of switching device 27.

Bootstrap capacitor circuit 71 includes bootstrap capaci-
tor 49, diode 51, and drive power supply 53. A positive
terminal of drive power supply 53 is electrically connected
to positive power supply terminal 31P of drive circuit 31 via
diode 51 to activate drive circuit 31. Negative power supply
terminal 31N of drive circuit 31 is electrically connected to
node 27P at which switching devices 27 and 29 are con-
nected. Accordingly, the ground level of drive circuit 31
becomes a voltage at node 27P. Bootstrap capacitor 49 is
electrically connected between positive power supply ter-
minal 31P and negative power supply terminal 31N of drive
circuit 31. Accordingly, when switching device 27 is turned
on, a maximum voltage of the ground level (node 27P)
becomes output voltage Vo. In order to continuously turn on
switching device 27, power stored in bootstrap capacitor 49
is supplied to drive circuit 31. A voltage obtained by adding
a voltage of bootstrap capacitor 49 to a voltage of the ground
level, i.e., a voltage at node 27P, is supplied to positive
power supply terminal 31P of drive circuit 31.

In DC-DC converter 11 in accordance with Embodiment
1, drive power supplies 47 and 53 are separate power
supplies. Therefore, even if the switching operation of a
switching device becomes not feasible due to a problem with
one of drive power supplies 47 and 53, the switching
operation of a switching device is feasible by a drive circuit
connected to the other, normal drive power supply. As a
result, if one drive power supply breaks down, control
circuit 37 controls the turning off of a switching device
(switching device 17 or 27) at the high side by the drive
circuit connected to the normal drive power supply, so as to
stop output from DC-DC converter 11, thus improving
reliability.

A gate of switching device 29 implemented by an FET is
electrically connected to drive circuit 33 for turning on and
off switching device 29. Drive circuit 33 turns on and off
switching device 29 in response to switching signal SW4
output from control circuit 37. Since negative power supply
terminal 33N of drive circuit 33 is also electrically con-
nected to ground terminal 15, similarly to drive circuit 23,
drive circuit 33 can always be driven with drive voltage Vcce.
Accordingly, a bootstrap capacitor circuit is not connected to
drive circuit 33 either.

Inductor 35 is electrically connected between node 17P at
which switching devices 17 and 19 are connected to each
other and node 27P at which switching devices 27 and 29 are
connected to each other.

Control circuit 37 is electrically connected to drive cir-
cuits 21, 23, 31, and 33. Control circuit 37 includes a
microcomputer and peripheral circuit as to control drive
circuits 21, 23, 31, and 33 to turn on and off switching
devices 17 19, 27, and 29. Control circuit 37 is also
electrically connected to input terminal 13 and output ter-
minal 25 to detect input voltage Vi and output voltage Vo.

Smoothing capacitor 55 is electrically connected between
output terminal 25 and ground terminal 15.

An operation of DC-DC converter 11 will be described
below.
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An operation of DC-DC converter 11 steps up input
voltage Vi to output predetermined output voltage Vo in the
case that input voltage Vi output from DC power supply 39
is low will be first described.

In the DC-DC converter in accordance with Embodiment
1 shown in FIG. 1, in the case that the DC-DC converter
steps up input voltage Vi to predetermined output voltage Vo
and output voltage Vo from output terminal 25, that is, in the
case that output voltage Vo is higher than input voltage Vi,
control circuit 37 basically turns on and off switching
devices 27 and 29 alternately and periodically at on-off
frequency 2 while continuously turning on switching device
17 and turning off switching device 19. Switching devices
27 and 29 are alternately turned on and off in on-off period
T2, the reciprocal of on-off frequency f2, at a duty deter-
mined by control circuit 37. In accordance with Embodi-
ment 1, on-off frequency 2 is 100 kHz. On-off frequency 2
is not limited to 100 kHz. A different value may be deter-
mined as appropriate, as long as predetermined power
specifications are satisfied.

The above operation will be described with reference to
FIG. 2A.

As shown in FIG. 2A, when switching device 27 is turned
on at time point t0, switching device 29 is in an opposite
status, turned off. At time point t1, the on-off statuses of
switching devices 27 and 29 are reversed to each other.

Then, at time point t4, the on-off statuses of switching
devices 27 and 29 are reversed again to become the status
from time point t0 to time point t1. Then, at time point t5,
the on-off statuses of switching devices 27 and 29 are
reversed again.

A duration from time point t1 to time point t5 is one on-off
period T2 (10 microseconds in accordance with Embodi-
ment 1). The on-off operation of switching devices 27 and 29
is repeated from time point t6 to time point t10, for example,
and switching devices 27 and 29 are alternately turned on
and off periodically at on-off frequency f2. In the timing
chart shown in FIG. 2A, the duty of the on-off operation of
switching devices 27 and 29 is 50%.

An operation of the DC-DC converter charging bootstrap
capacitor 43 will be described below. As described above,
power for activating drive circuit 21 is supplied from power
stored in bootstrap capacitor 43. Control circuit 37 controls
switching device 17 to continuously turn on switching
device 17 in the boost operation. Accordingly, drive circuit
21 outputs the gate voltage as signal S17, so as to continu-
ously turn on switching device 17. As a result, the power
stored in bootstrap capacitor 43 for activating drive circuit
21 decreases with a lapse of time. In order to prevent the
power stored in bootstrap capacitor 43 from decreasing,
control circuit 37 periodically charges bootstrap capacitor
43.

More specifically, as shown in FIG. 2A, control circuit 37
continuously turns on switching device 17 and continuously
turns off switching device 19 from time point t0 to time point
2. Control circuit 37 controls switching devices 17 and 19
to charge bootstrap capacitor 43 for charging duration Pcl
periodically at charging period Tel (1 millisecond in accor-
dance with Embodiment 1) previously calculated based on
capacitance C1 of bootstrap capacitor 43 and power con-
sumption in drive circuit 21. In other words, as shown in
FIG. 2A, control circuit 37 turns off switching device 17 and
turns on switching device 19 at time point t2 reaching
charging period Tc1. Since one end of bootstrap capacitor 43
is connected to the negative terminal of drive power supply
47, bootstrap capacitor 43 is charged by this operation.
Accordingly, unlike conventional power supply circuit 500
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shown in FIG. 8 including a diode instead of switching
device 19, bootstrap capacitor 43 is charged efficiently
regardless of the on-off status of switching device 29.

At time point t3 at which after charging duration Pcl
passes from time point t2, control circuit 37 returns switch-
ing devices 17 and 19 to turn on switching device 17 and
turn off switching device 19. As a result, DC-DC converter
11 continues the boost operation from time point t3. Charg-
ing duration Pcl is predetermined based on capacitance C1
of bootstrap capacitor 43. In accordance with Embodiment
1, charging duration Pc1 is 1 microsecond.

After charging bootstrap capacitor 43, the above opera-
tion is executed again at time point t7 at which charging
period Tcl passes from time point t2. By repeating these
operations, control circuit 37 charges bootstrap capacitor 43
for charging duration Pcl (1 microsecond in the accordance
with Embodiment 1) periodically at charging period Tcl (1
millisecond in accordance with Embodiment 1).

As shown in FIG. 2A, charging frequency fcl (1 kHz in
accordance with Embodiment 1), the reciprocal of charging
period Tcl, is lower than on-off frequency 2 (100 kHz in
accordance with Embodiment 1), the reciprocal of on-off
period T2 (10 microsecond in accordance with Embodiment
1). Therefore, switching device 17 is turned on and switch-
ing device 19 is turned off for a duration from time point t3
to time point t7. In this duration, switching devices 27 and
29, as shown in FIG. 2A, continue to repeat on-off opera-
tions periodically at on-off frequency {2, the reciprocal of
on-off period T2. In order to reduce fluctuation of output
voltage Vo, bootstrap capacitor 43 that stores the power for
activating drive circuit 21 to turn on and off switching device
17 is preferably charged while switching device 27 is turned
off. More specifically, charging duration Pcl of bootstrap
capacitor 43 is preferably completely included in a duration
for which switching device 27 is turned off.

Through this operation, DC-DC converter 11 can perform
the boost operation while charging bootstrap capacitor 43.
Since switching device 27 is an FET having a low on-
resistance, accordingly reducing a loss due to a diode in a
conventional converter. Accordingly, degradation of effi-
ciency of DC-DC converter 1 can be suppressed.

As described above, when the DC-DC converter steps up
input voltage Vi and outputs the stepped-up voltage from
output terminal 25, control circuit 37 turns off switching
device 17 and turns on switching device 19 for charging
duration Pc1 as to charge bootstrap capacitor 43 periodically
at charging period Tcl determined by charging frequency
fcl lower than on-off frequency {2 of switching devices 27
and 29. For duration Qc other than charging duration Pcl,
control circuit 37 turns on switching device 17 and turns off
switching device 19 so as not to charge bootstrap capacitor
43.

Next, the buck operation of DC-DC converter 11 will be
described below. DC-DC converter 11 operates to buck input
voltage Vi to predetermined output voltage Vo when, for
example, DC power supply 39, solar cells, outputs full
power.

In the buck operation, control circuit 37 basically turns on
and off switching devices 17 and 19 alternately while
continuously turning on switching device 27 and continu-
ously turning off switching device 29.

In the above operation, bootstrap capacitor 49 of boot-
strap capacitor circuit 71 is periodically charged in order to
continuously turn on switching device 27. This operation is
substantially identical to the operation for periodically
charging bootstrap capacitor 43 of bootstrap capacitor cir-
cuit 61 during the boost operation.
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In the case that input voltage Vi is stepped down to
predetermined output voltage Vo output from output termi-
nal 25, that is, in the case that output voltage Vo is lower than
input voltage Vi, the DC-DC converter in accordance with
Embodiment 1 shown in FIG. 1 basically turns on and off
switching devices 17 and 19 alternately and periodically at
on-off frequency f1 while continuously turns on switching
device 27 and continuously turning off switching device 29.
Accordingly, switching devices 17 and 19 are turned on and
off alternately in on-off period T1, the reciprocal of on-off
frequency fl, at a duty determined by control circuit 37. In
accordance with Embodiment 1, on-off frequency f1 is 100
kHz. However, on-off frequency fl is not limited to 100
kHz. As long as predetermined power specifications are
fulfilled, any other values can be applicable.

The above operation will be described with reference to
FIG. 2B.

As shown in FIG. 2B, at time point t0 when switching
device 17 is turned on, switching device 19 is turned off, in
the opposite status. At time point tl, the on-off statuses of
switching devices 17 and 19 are reversed.

Then, at time point t4, the on-off statuses of switching
devices 17 and 19 are reversed again and become the
statuses identical to the status from time point t0 to time
point tl. Then, at time point t5, the on-off statuses of
switching devices 17 and 19 are reversed again.

A duration from time point t1 to time point t5 is one on-off
period T1 (10 microseconds in accordance with Embodi-
ment 1), and the on-off operations of switching devices 17
and 19 are repeated, similarly to the operation from time
point t6 to time point t10. Switching devices 17 and 19 are
turned on and off periodically at on-off frequency f1. A duty
of switching devices 17 and 19 is 50% in the timing chart
shown in FIG. 2B.

Next, an operation of charging bootstrap capacitor 49 will
be described below. As described above, power for activat-
ing drive circuit 31 is supplied from the power stored in
bootstrap capacitor 49. Control circuit 37 controls switching
device 27 to continuously turn on switching device 27 on
during the buck operation. Accordingly, drive circuit 31
outputs a gate voltage as signal S27 to continuously turn on
switching device 27. As a result, the power stored in
bootstrap capacitor 49 for activating drive circuit 21
decreases with a lapse of time. In order to prevent the power
stored in bootstrap capacitor 49 from decreasing, control
circuit 37 periodically charges bootstrap capacitor 49.

More specifically, as shown in FIG. 2B, control circuit 37
continuously turns on switching device 27 and turns off
switching device 28 from time point t0 to time point t2.
Control circuit 37 controls switching devices 27 and 29 to
charge bootstrap capacitor 49 for charging duration Pc2
periodically at charging period Te2 (1 millisecond in accor-
dance with Embodiment 1) predetermined based on capaci-
tance C2 of bootstrap capacitor 49 and power consumption
in drive circuit 31. More specifically, as shown in FIG. 2B,
control circuit 37 controls switching devices 27 and 29 to
turn off switching device 27 and turn on switching device 29
at time point t2 reaching charging period Tc2. This operation
allows one terminal of bootstrap capacitor 49 connected to
the negative terminal of drive power supply 53, and thus,
bootstrap capacitor 49 is charged. Bootstrap capacitor 49 can
thus be charged efficiently regardless of the on-off status of
switching device 19.

At time point t3 at which charging duration Pc passes
from time point t2, control circuit 37 returns switching
devices 27 and 29 to turn on switching device 27 and turn
off switching device 29. As a result, DC-DC converter 11
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continues the buck operation from time point t3. Charging
duration Pc2 is predetermined based on capacitance C2 of
bootstrap capacitor 49. In accordance with Embodiment 1,
charging duration Pc2 is 1 microsecond.

After charging bootstrap capacitor 49, the above opera-
tion is repeated at time point t7 at which charging period Tc2
passes from time point t2. By repeating these operations,
control circuit 37 charges bootstrap capacitor 49 for charg-
ing duration Pc2 (1 microsecond in accordance with
Embodiment 1) periodically at charging period tc2 (1 mil-
lisecond in accordance with Embodiment 1).

As shown in FIG. 2B, charging frequency fc2 (1 kHz in
accordance with Embodiment 1), is the reciprocal of charg-
ing period Tc2, is lower than on-off frequency f1 (100 kHz
in accordance with Embodiment 1), the reciprocal of on-off
period T1 (10 microsecond in accordance with Embodiment
1). Therefore, switching device 27 is continuously turned on
and switching device 29 is continuously turned off for a
duration from time point t3 to time point t7. In this duration,
switching devices 17 and 19, as shown in FIG. 2B, continue
to repeat the on-off operation at on-off frequency f1 (100
kHz in accordance with Embodiment 1), the reciprocal of
on-off period T1. In order to reduce fluctuation of output
voltage Vo, bootstrap capacitor 49 which stores power for
activating drive circuit 31 to turn on and off switching device
27 is preferably charged while switching device 17 is turned
off. More specifically, charging duration Pc2 of bootstrap
capacitor 49 is preferably completely included in a duration
for which switching device 27 is turned off.

With this operation, DC-DC converter 11 can perform the
buck operation while charging bootstrap capacitor 49.
Switching device 17, being implemented by an FET having
a low on resistance, reduces a loss due to a diode in the
conventional converter. Accordingly, degradation of effi-
ciency of DC-DC converter 11 can be suppressed.

As described above, when the DC-DC converter steps
down input voltage Vi to output the stepped down voltage
from output terminal 25, control circuit 37 turns off switch-
ing device 27 and turns on switching device 29 for charging
duration Pc2 for charging bootstrap capacitor 49 periodi-
cally at charging period Tc2 determined by charging fre-
quency fcl lower than on-off frequency fl of switching
devices 17 and 19. For duration Qc2 other than charging
duration Pc2, control circuit 37 turns on switching device 27
and turns off switching device 29 so as not to charge boost
strap capacitor 49.

In accordance with Embodiment 1, charging period Tcl
and charging period Tc2 are identical to each other (1
millisecond), and thus, charging frequency fcl and charging
frequency fc2, their reciprocals, are also identical to each
other (1 kHz). Further, since on-off period T2 and on-off
period T1 are identical to each other (10 microseconds),
on-off frequency f2 and on-off frequency fl1, their recipro-
cals, are also identical to each other (100 kHz). Charging
duration Pcl and charging duration Pc2 are also identical to
each other (1 microsecond).

Accordingly, in the buck operation, DC-DC converter 11
also operates similarly to the boost operation except that the
switching devices operating differently.

In accordance with Embodiment 1, capacitance Cf of
smoothing capacitor 55 is larger than capacitance C1 of
bootstrap capacitor 43 of bootstrap capacitor circuit 61 and
capacitance C2 of bootstrap capacitor 49 of bootstrap
capacitor circuit 71. Output voltage Vo temporarily fluctu-
ates for charging duration Pc1 when bootstrap capacitor 43
is charged or for charging duration Pc2 when bootstrap
capacitor 49 is charged. However, capacitance Cf of smooth-
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ing capacitor 55 larger than capacitance C1 of bootstrap
capacitor 43 and capacitance C2 of bootstrap capacitor 49
reduces the amount of the fluctuation of output voltage Vo,
accordingly stabilizing output voltage Vo applied to load 41.
However, capacitance Cf of smoothing capacitor 55 is not
necessarily larger than capacitance C1 of bootstrap capacitor
43 and capacitance C2 of bootstrap capacitor 49. For
example, if load 41 is an electric storage device, such as a
battery or capacitor, having a large capacity, the load can
absorb the fluctuation of output voltage Vo, and thus fluc-
tuation will not be a concern. In this case, capacitance Cf of
smoothing capacitor 55 may be smaller than capacitance C1
of bootstrap capacitor 43 and capacitance C2 of bootstrap
capacitor 49. Alternatively, DC-DC converter 11 may not
include smoothing capacitor 55.

In DC-DC converter 11 in accordance with Embodiment
1, high-side switching devices (switching devices 17 and 27)
are implemented by FETs. Therefore, if a sudden drop in
output voltage Vo due to, e.g. short-circuiting of load 41, is
detected, control circuit 37 may turn off both of the high-side
switching devices. This operation can stop output of power
from input terminal 13 via two routes, thereby providing
high reliability. However, the operation of control circuit 37
is not limited to this operation. Control circuit 37 may stop
either one of the high-side switching devices in the case that
short-circuiting occurs.

With the above configuration and operations, a lower
power loss than the power loss of diodes due to the on-
resistance of the diodes is realized because all semiconduc-
tor devices are switching devices substituting for diodes for
the buck-boost operation in DC-DC converter 11 in accor-
dance with Embodiment 1. Bootstrap capacitor circuits 61
and 71 connected to drive circuits 21 and 31 of switching
devices 17 and 27 connected to the high side can thus
reliably execute the buck-boost operation. Accordingly, DC-
DC converter 11 can efficiently execute the buck-boost
operation.

As described above, control circuit 37 of DC-DC con-
verter 11 is operable as follows in the case that output
voltage Vo is lower than input voltage Vi. Control circuit 37
controls drive circuits 21 and 23 to turn on and off switching
devices 17 and 19 alternately and periodically at on-off
period T1. Control circuit 37 controls drive circuits 31 and
33 to turn off switching device 27 and turn on switching
device 29 so as to charge bootstrap capacitor 49 for charging
duration Pc2 periodically at charging period Tc2 longer than
on-off period T1. Control circuit 37 controls drive circuits 31
and 33 to turn on switching device 27 and turn off switching
device 29 for duration Qc2 in charging period Tc2 other than
charging duration Pc2 periodically at charging period Tc2.

On the other hand, control circuit 37 of DC-DC converter
11 is operable as follows in the case that output voltage Vo
is higher than input voltage Vi. Control circuit 37 controls
drive circuits 31 and 33 to turn on and off switching devices
27 and 29 alternately and periodically at on-off period T2.
Control circuit 37 controls drive circuits 21 and 23 to turn off
switching device 17 and turn on switching device 19 for
charging duration Pcl periodically at charging period Tcl
longer than on-off period T2. Control circuit 37 controls
drive circuits 21 and 23 to turn on switching device 17 and
turn off switching device 19 for duration Qcl in charging
period Tc other than charging duration Pcl periodically at
charging period Tec.

On-off period T1 may be identical to on-off period T2.

Bootstrap capacitor 43 may be connected between node
17P and power supply terminal 212P of drive circuit 21.
Bootstrap capacitor 49 may be connected between node 27P
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and power supply terminal 31P of drive circuit 31. In these
cases, bootstrap capacitor circuit 61 further includes drive
power supply 47 connected to power supply terminal 23P of
drive circuit 23 and diode 45 connected between power
supply terminal 23P of drive circuit 23 and power supply
terminal 21P of drive circuit 21. Bootstrap capacitor circuit
71 further includes drive power supply 53 connected to
power supply terminal 33P of drive circuit 33 and diode 51
connected between power supply terminal 33P of drive
circuit 33 and power supply terminal 31P of drive circuit 31.

FIG. 3 is a circuit block diagram of another DC-DC
converter 11C in accordance with Embodiment 1. In FIG. 3,
components identical to those of DC-DC converter 11
shown in FIG. 1 are denoted by the same reference numer-
als.

DC-DC converter 11 shown in FIG. 1 includes separate
drive power supplies 47 and 53. In DC-DC converter 11C
shown in FIG. 3, drive power supply 47 supplies power to
drive circuits 31 and 33, instead of drive power supply 53.
In this case, a circuit configuration will be simpler, and thus
DC-DC converter 11C is applicable to purposes where not
s0 high reliability is required and an environmental change
is gentle (e.g., DC-DC converter installed indoor). Accord-
ingly, either configuration may be determined for the drive
power supply based on required reliability and complexity
of circuit configuration.

Exemplary Embodiment 2

FIG. 4 is a circuit block diagram of DC-DC converter 11A
in accordance with Exemplary Embodiment 2 of the present
invention. In FIG. 4, components identical to those of
DC-DC converter 11 in accordance with Embodiment 1
shown in FIG. 1 are denoted by the same reference numer-
als.

DC-DC converter 11A in accordance with Embodiment 2
includes control circuit 37A electrically connected to drive
circuits 21, 23, 31, and 33 instead of control circuit 37 of
DC-DC converter in accordance with Embodiment 1 shown
in FIG. 1. In DC-DC converter 11 in accordance with
Embodiment 1, capacitance C1 of bootstrap capacitor 43 of
bootstrap capacitor circuit 61 is identical to capacitance C2
of'bootstrap capacitor 49 of bootstrap capacitor circuit 71. In
DC-DC converter 11A in accordance with Embodiment 2,
capacitance C1A of bootstrap capacitor 43 of bootstrap
capacitor circuit 61 is smaller than capacitance C2A of
bootstrap capacitor 49 of bootstrap capacitor circuit 71.

Capacitance C2A of bootstrap capacitor 49 for the buck
operation is relatively large. However, since the absolute
value of output voltage Vo is reduced by the buck operation,
the absolute value of a fluctuation of output voltage Vo is
small even if more time is spent for charging bootstrap
capacitor 49. Influence of this fluctuation is thus small on
load 41. In addition, since capacitance C2A of bootstrap
capacitor 49 is relatively large, bootstrap capacitor 49 can be
charged less frequently, and extend a time for which output
voltage Vo is stabilized.

An operation of DC-DC converter 11 A in accordance with
Embodiment 2 will be described below. In accordance with
Embodiment 2, on-off periods T1 and T2 are identical to
each other, and thus identical to on-off periods T1 and T2 in
accordance with Embodiment 1.

The basic operation of DC-DC converter 11A in accor-
dance with Embodiment 2 is the same as the operation of
DC-DC converter 11 in accordance with Embodiment 1
shown in FIG. 2A. Accordingly, highly-efficient DC-DC
converter 11A is achieved by employing FETs as all the
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switching devices. Since capacitance C1A of bootstrap
capacitor 43 and capacitance C2A of bootstrap capacitor 49
are different from each other in the DC-DC converter 11A in
accordance with Embodiment 2, charging timing and dura-
tion of bootstrap capacitor 43 are different from those of
bootstrap capacitor 49.

Capacitance C1A of bootstrap capacitor 43 in accordance
with Embodiment 2 is identical to capacitance C1 of boot-
strap capacitor 43 in accordance with Embodiment 1.
Capacitance C2A of bootstrap capacitor 49 in accordance
with Embodiment 2 is twice capacitance C1A (C1).

A boost operation of DC-DC converter 11 A in accordance
with Embodiment 2 will be described below. FIG. 5A is a
timing chart for illustrating the boost operation of DC-DC
converter 11A. In the timing chart shown in FIG. 5A,
vertical axes represent values of switching signals S17, S19,
S27, and S29, and horizontal axes represent time. Each of
switching signals S17, S19, S27, and S29 takes two values,
on and off, corresponding to the on and off statuses of each
of switching devices 17, 19, 27, and 29, respectively. Since
capacitance C1A of bootstrap capacitor 43 in accordance
with Embodiment 2 is identical to capacitance C1 of boot-
strap capacitor 43 in accordance with Embodiment 1, charg-
ing period TclA and charging duration PclA of bootstrap
capacitor 43 in accordance with Embodiment 2 are identical
to charging period Tcl and charging duration Pc1 in accor-
dance with Embodiment 1 in the boost operation, respec-
tively. Accordingly, the boost operation shown in FIG. 5A in
accordance with Embodiment 2 is identical to the boost
operation shown in FIG. 2A of DC-DC converter 11 in
accordance with Embodiment 1.

A step-down operation of DC-DC converter 11A in accor-
dance with Embodiment 2 will be described below. FIG. 5B
is a timing chart illustrating the step-down operation of
DC-DC converter 11A. In the timing chart shown FIG. 5B,
vertical axes represent values of switching signals S17. S19,
S27, and S29, and horizontal axes represent time. As
described above, capacitance C2A of bootstrap capacitor 49
is twice capacitance C1A of bootstrap capacitor 43, and thus,
charging duration Pc2A for which bootstrap capacitor 49
having capacitance C2A is charged in the step-down opera-
tion is twice charging duration PclA, 2 microseconds, for
which bootstrap capacitor 43 having capacitance C1A is
charged in the boost operation. A duration for which power
is supplied to drive circuit 31 can be extended since capaci-
tance C2A of bootstrap capacitor 49 is large. A charging
frequency of bootstrap capacitor 49 can thus be reduced. In
accordance with Embodiment 2, charging period Tc2A at
which bootstrap capacitor 49 is charged can be long, 2
milliseconds, which is twice charging period TclA for
charging bootstrap capacitor 43. Accordingly, in the step-
down operation, DC-DC converter 11A in accordance with
Embodiment 2, control circuit 37A is operable to allow
charging duration PC2A and charging period Tc2A of boot-
strap capacitor 49 to be longer than charging duration Pc2
and charging period Tc2 of bootstrap capacitor 49 of DC-DC
converter 11, respectively, so as to allow bootstrap capacitor
49 to be charged less frequently.

Since this operation increase charging duration Pc2A, a
duration for which output voltage Vo fluctuates increases
accordingly. However, since the absolute value of output
voltage Vo in the step-down operation is small, the absolute
value of the fluctuation of output voltage Vo for charging
duration Pc2 also become small. Accordingly, DC-DC con-
verter 11 A in accordance with Embodiment 2 can drive load
41 normally if load 41 connected to output terminal 25 and
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ground terminal 15 is unlikely affected by the absolute value
of the fluctuation of output voltage Vo.

The above operation can allows bootstrap capacitor 49 to
be charged less frequently since capacitance C2A of boot-
strap capacitor 49 is large. As a result, charging period Tc2A
becomes longer, and accordingly, increases a duration for
which output voltage Vo is stabilized.

Thus, capacitance C1A of bootstrap capacitor 43 smaller
than capacitance C2A of bootstrap capacitor 49 stabilizes
output voltage Vo in the step-down operation.

Contrarily, if capacitance C1A of bootstrap capacitor 43 is
larger than capacitance C2A of bootstrap capacitor 49,
charging duration Pc1A in the boost operation increases, and
thus, the absolute value of the fluctuation of output voltage
Vo for this duration become large. This increases a voltage
fluctuation for charging duration pclA although bootstrap
capacitor 43 is charged less frequently. This is not unpref-
erable

As described above, control circuit 37A of DC-DC con-
verter 11A in accordance with Embodiment 2 is operable as
follows in the case that output voltage Vo is lower than input
voltage Vi. Control circuit 37 A controls drive circuits 21 and
23 to turn on and off switching devices 17 and 19 alternately
and periodically at on-off period T1. Control circuit 37A
controls drive circuits 31 and 33 to turn off switching device
27 and turn on switching device 29 so as to charge bootstrap
capacitor 49 for charging duration Pc2 periodically at charg-
ing period Tc longer than on-off period T1. Control circuit
37A controls drive circuits 31 and 33 to turn on switching
device 27 and turn off switching device 29 for duration
Qc2A in charging period Tc2A other than charging duration
Pc2 periodically at charging period Tc2A.

On the other hand, control circuit 37A of DC-DC con-
verter 11A is operable as follows in the case that output
voltage Vo is higher than input voltage Vi. Control circuit
37A controls drive circuits 31 and 33 to turn on and off
switching devices 27 and 29 alternately and periodically at
on-off period T2. Control circuit 37A controls drive circuits
21 and 23 to turn off switching device 17 and turn on
switching device 19 so as to charge bootstrap capacitor 43
for charging duration PclA periodically at charging period
Tcl longer than on-off period T2. Control circuit 37A
controls drive circuits 21 and 23 to turn on switching device
17 and turn off switching device 19 for duration QclA in
charging period TclA other than charging duration PclA
periodically at charging period TclA. Capacitance C1 of
bootstrap capacitor 43 is smaller than capacitance C2A of
bootstrap capacitor 49. Charging period Tc2A is longer than
charging period TclA. Charging duration Pc2A is longer
than charging duration PclA.

In DC-DC converter 11 A in accordance with Embodiment
2, capacitance C2A of bootstrap capacitor 49 used in the
step-down operation is larger than capacitance Cl1A of
bootstrap capacitor 43. However, since the absolute value of
output voltage Vo is small in the step-down operation, the
absolute value of the fluctuation of output voltage Vo is
small accordingly even if a charging time of bootstrap
capacitor 49 is long. Accordingly, influence of the fluctua-
tion on load 41 is small. In addition, relatively large capaci-
tance C2 of bootstrap capacitor 49 allows bootstrap capaci-
tor 49 to be charged less frequently, and increases a duration
for which output voltage Vo is stabilized. Accordingly,
DC-DC converter 11A can operate efficiently and stabilize
the output in the step-down operation.

Exemplary Embodiment 3

FIG. 6 is a circuit block diagram of DC-DC converter 11B
in accordance with Exemplary Embodiment 3 of the present
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invention. In FIG. 6, components identical to those of
DC-DC converter 11 in accordance with Embodiment 1
shown in FIG. 1 are denoted by the same reference numer-
als.

DC-DC converter 11B in accordance with Embodiment 3
includes control circuit 37B electrically connected to drive
circuits 21, 23, 31, and 33 instead of control circuit 37 of
DC-DC converter 11 in accordance with Embodiment 1
shown in FIG. 1.

In DC-DC converter 11 in accordance with Embodiment
1, control circuit 37 charges bootstrap capacitors 43 and 49
at timing which can be arbitrarily predetermined. In DC-DC
converter 11B in accordance with Embodiment 3, unlike
Embodiment 1, in the case that output voltage Vo obtained
by stepping down input voltage Vi is output from output
terminal 25, control circuit 37B turns off switching device
27 and turns on switching device 29 for charging duration
Pc2 periodically at charging period Tc2 of bootstrap capaci-
tor 49 at the timing when switching device 17 is turned on
and switching device 19 is turned off. In the case that output
voltage Vo obtained by stepping up input voltage Vi is output
from output terminal 25, control circuit 37B turns off
switching device 17 and turns on switching device 19 for
charging duration Pcl periodically at charging period tcl of
bootstrap capacitor 43 at the timing when switching device
27 is turned off and switching device 29 is turned on. In
DC-DC converter 11B in accordance with Embodiment 3,
control circuit 37B performs at least one of the above two
operations.

Thus, bootstrap capacitor 49 is charged at the timing when
a current flowing in inductor 35 becomes the minimum in
the step-down operation. Alternatively, bootstrap capacitor
43 is charged at the timing when a current flowing in
inductor 35 becomes the minimum in the boost operation.
This operation reduces a loss in switching device 19 or 29
that is turned on for charging.

An operation of DC-DC converter 11B in accordance with
Embodiment 3 will be detailed below. FIG. 7A is a timing
chart illustrating the boost operation of DC-DC converter
11B. FIG. 7B is a timing chart illustrating the step-down
operation of DC-DC converter 11B. In timing charts shown
in FIGS. 7A and 7B, vertical axes represent values of
switching signals S17, S19, S27, and S29, and horizontal
axes represent time. Each of switching signals S17, S19,
S27, and S29 takes two values, on and off, corresponding to
the on and off statuses of each of switching devices 17, 19,
27, and 29, respectively. In FIGS. 7A and 7B, items identical
to those of FIGS. 2A and 2B illustrating the operation of
DC-DC converter 11 in accordance with Embodiment 1 are
denoted by the same reference numerals.

First, the boost operation of DC-DC converter 11B will be
described with reference to FIG. 7A.

When DC-DC converter 11B performs the boost opera-
tion, control circuit 37B controls the turning on and off of
switching devices 27 and 29 with switching signals S27 and
S29, as shown in FIG. 7A, similarly to the operation shown
in FIG. 2A. The on-off status of switching devices 27 and 29
are opposite to each other. On-off period T2 and on-off
frequency 12, the reciprocal of on-off period T2, in accor-
dance with Embodiment 3 are identical to those in accor-
dance with Embodiment 1 shown in FIG. 2A. A duty of each
of switching signals S27 and S29 is 50%, which is identical
to that in accordance with Embodiment 1. Charging period
Tcl and charging frequency Fcl, the reciprocal of charging
period Tcl, are identical to those in accordance with
Embodiment 1.
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In FIG. 7A, control circuit 37B turns on switching device
27, turns off switching device 29, turns on switching device
17, and turns off switching device 19 from time point t0 to
time point t1. Therefore, power of inductor 35 is discharged
and output from output terminal 25 for a duration from t0 to
time point tl, and thus, decreases a current flowing in
inductor 35 with a lapse of time.

At time point t1, as shown in FIG. 7A, the on-off statuses
of switching devices 27 and 29 are reversed. Control circuit
37B turns off switching device 27 and turns on switching
device 29. If the statuses of switching devices 17 and 19 do
not change at time point tl, power entering from input
terminal 13 is stored in inductor 35. A current flowing in
inductor 35 thus increases with a lapse of time. Accordingly,
the current flowing in inductor 35 becomes minimum
(smallest) at time point t1. In DC-DC converter 11B in
accordance with Embodiment 3, control circuit 37B
switches the on-off status of all switching devices 17, 19, 27,
and 29 at timing (time point t1) when the current flowing in
inductor 35 becomes minimum (smallest). At time point t1,
control circuit 37B turns off switching devices 17 and 27
connected to the high side, and turns on switching devices
19 and 29 connected to the low side. As a result, a current
from inductor 35 and drive power supply 47 flow to switch-
ing devices 19 and 29 because both ends of inductor 35 are
connected to ground terminal 15. At this moment, as
described above, the minimum current flowing in inductor
35 at time point t1, and thus an initial value of the current
flowing when switching devices 19 and 29 are turned on is
smaller than a current flowing at timing other than time point
t1. This reduces losses in switching devices 19 and 29 which
are turned on. In addition, since switching device 19 is
turned on at time point t1, a current flows from drive power
supply 47 to bootstrap capacitor 43 via diode 45. Bootstrap
capacitor 43 is connected to ground terminal 15 via switch-
ing device 19 in the on status, and thus bootstrap capacitor
43 is charged efficiently.

This operation improves the entire efficiency of DC-DC
converter 11B by control circuit 37B turning off switching
device 17 and turning on switching device 19 at time point
tl.

At time point t1B at which charging duration Pc1 passes
from time point t1, control circuit 37B turns on switching
device 17 and turns off switching device 19. From this time
point, control circuit 37B switches the on-off statuses of
switching devices 27 and 29 to return the on-off statuses of
switching devices 27 and 29 periodically at on-off period T2
so as to perform the boost operation.

At time point t6 at which charging period Tcl passes from
time point t1 and switching device 27 is turned off and
switching device 29 is turned on, control circuit 37B turns
off switching device 17 and turns on switching device 9
again to charge bootstrap capacitor 43. This operation allows
bootstrap capacitor 43 to be charged efficiently. At time point
t6B at which charging duration Pc1 passes from time point
16, control circuit turns on switching device 17 and turns off
switching device 19.

By repeating the above operations, highly-efficient DC-
DC converter 11B is achieved.

The step-down operation of DC-DC converter 11B will be
described with reference to FIG. 7B.

When DC-DC converter 11B performs the step-down
operation, control circuit 37B controls the turning on and off
of switching devices 17 and 19, as shown in FIG. 7B. The
on-off statuses of switching devices 17 and 19 are opposite
to each other. On-off period T1 and on-off frequency {1, the
reciprocal of on-off period T1, at which switching devices
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17 and 19 are turned on and off are identical to on-off period
T2 and on-off frequency 12, respectively, and are identical to
on-off period T1 and on-off frequency f1 in accordance with
Embodiment 1, respectively. Duties of the on-off operations
of switching devices 17 and 19 are 50%, which are identical
to those in the boost operation. Charging period Tc2 and
charging frequency fc2, the reciprocal of charging period
Tc2, in accordance with Embodiment 3 are identical to those
in accordance with Embodiment 1.

In FIG. 7B, control circuit 37B turns off switching device
17, turns on switching device 19, turns on switching device
27, and turns off switching device 29 from time point t20 to
time point t21. Accordingly, power stored in inductor 35 is
discharged and output from output terminal 25 for a duration
from time point t20 to time point t21, and thus a current
flowing in inductor 35 reduces with a lapse of time.

At time point 121, as shown in FIG. 7B, the on-off status
of switching devices 17 and 19 are reversed. Control circuit
37B turns on switching device 17 and turns off switching
device 19. If the statuses of switching devices 27 and 29 are
not changed at time point 121, power entering from input
terminal 13 is stored in inductor 35, and thus a current
flowing in inductor 35 increases as a lapse of time. Accord-
ingly, the current flowing in inductor 35 at time point t21
becomes minimum (smallest). In DC-DC converter 11B in
accordance with Embodiment 3, the on-off statuses of all
switching devices 17, 19, 27, and 29 are switched at timing
(time point 121) when the current flowing in inductor 35
becomes minimum (smallest). Control circuit 37B then turns
on switching devices 17 and 29, and turns off switching
devices 19 and 27. Since the minimum current flows in
inductor 35 at time point t21, the charging of inductor 35
starts in the status that initial values of the currents flowing
in switching devices 17 and 29 are also minimum at time
point t21. Accordingly, losses in switching devices 17 and
29 become small. In addition, since switching device 29 is
turned on from time point 121, a current flows to bootstrap
capacitor 49 from drive power supply 53 via diode 51. Since
bootstrap capacitor 49 is connected to ground terminal 15
via switching device 29 turning on, bootstrap capacitor 49 is
charged efficiently.

Control circuit 37B turns off switching device 27 and
turns on switching device 29 at time point t21 and improves
efficiency of DC-DC converter 11.

At time point 122, when charging duration Pc2 of boot-
strap capacitor 49 passes from time point t21, control circuit
37B turns on switching device 27 and turns off switching
device 29. From time point t22, control circuit 37B switches
the turning on and off of switching devices 17 and 19 to
return the on-off statuses of switching devices 17 and 19
periodically at on-off period T1 so as to perform the step-
down operation.

At time point t25 when charging period Tc2 passes from
time point 121, control circuit 37B turns on switching device
17, turns off switching device 19, turns off switching device
27, and turns on switching device 29 again to charge
bootstrap capacitor 49. This operation charges bootstrap
capacitor 49 efficiently.

A time point t26 at which charging duration Pc2 of
bootstrap capacitor 49 passes from time point 125, control
circuit 37B turns on switching device 27 and turns off
switching device 29. From time point 126, control circuit
37B switches the on-off statuses of switching devices 17 and
19 to return the on-off statuses of switching devices 17 and
19 periodically at on-off period T1 so as to perform the
step-down operation.
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By repeating these operations, DC-DC converter 11B
operates efficiently even in the step-down operation.

As described above, control circuit 37B of DC-DC con-
verter 11B in accordance with Embodiment 3 is operable as
follows in the case that output voltage Vo is lower than input
voltage Vi. Control circuit 37B controls drive circuits 21 and
23 to turn on and off switching devices 17 and 19 alternately
and periodically at on-off period T1. Control circuit 37B
controls drive circuits 21, 23, 31, and 33 to turn off switching
device 27 and turn on switching device 29 to charge boot-
strap capacitor 49 for charging duration Pc2 periodically at
charging period Tc2 at the timing (time points t21 and 125)
when switching device 17 is turned on and switching device
19 is turned off. Furthermore, control circuit 37B controls
drive circuits 31 and 33 to turn on switching device 27 and
turn off switching device 29 for duration Qc in charging
period Tc other than charging duration Pc periodically at
charging period Tc2.

On the other hand, control circuit 37B of DC-DC con-
verter 11B is operable as follows in the case that output
voltage Vo is higher than input voltage Vi. Control circuit
37B controls drive circuits 31 and 33 to turn on and turn off
switching devices 27 and 29 alternately and periodically at
on-off frequency T2. Control circuit 37B controls drive
circuits 21, 23, 31, and 33 to turn off switching device 17 and
turn on switching device 19 to charge bootstrap capacitor 43
for charging duration Pcl periodically at charging period
Tcl at the timing (time points t1 and t6) when switching
device 27 is turned on and switching device 29 is turned off.
Control circuit 37B controls drive circuits 21 and 23 to turn
on switching device 17 and turn off switching device 19 for
duration Qcl in charging period Tcl other than charging
duration Pcl.

With the above structure and operations, control circuit
37B charges bootstrap capacitor 49 at the timing when the
current flowing in inductor 35 becomes minimum in the
step-down operation, and charges bootstrap capacitor 43 at
the timing when the current flowing in inductor 35 becomes
minimum in the boost operation. This operation can reduce
losses in the switching device that is turned on to charge the
bootstrap capacitor.

In DC-DC converter 11B in accordance with Embodiment
3, control circuit 37B charges bootstrap capacitor 49 in the
step-down operation at the timing when the current flowing
in inductor 35 becomes minimum. Control circuit 37B
charges bootstrap capacitor 43 in the boost operation at the
timing when the current flowing in inductor 35 becomes
minimum. However, this is not limited. The bootstrap
capacitor may be charged at the above timing only in the
boost operation or step-down operation. For example, if
DC-DC converter 11B mostly performs only the boost
operation, control circuit 37B may charge bootstrap capaci-
tor 43 in the boost operation for charging duration Pcl at
time points t1 and t6 shown in FIG. 7A. In the step-down
operation, bootstrap capacitor 49 may be charged for charg-
ing duration Pc2 at timing predetermined arbitrarily. Alter-
natively, if DC-DC converter 11B mostly performs only the
step-down operation, control circuit 37B may charge boot-
strap capacitor 49 in the step-down operation for charging
duration Pc2 at time points 121 and t25. In the boost
operation, bootstrap capacitor 43 may be charged for charg-
ing duration Pc1 at a timing arbitrarily predetermined. These
operations simplify the structure since control circuit 37
controls the timing only in the step-down or step-down
operation. However, if the boost and step-down operations
are frequently repeated, the bootstrap capacitor is preferably
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charged at the above timing in both boost operation and
step-down operation in order to improve the efficiency of
DC-DC converter 11B.

In DC-DC converters 11 and 11A to 11C in accordance
with Embodiments 1 to 3, specific values of parameters,
such as on-off frequencies f1 and f2, on-off periods T1 and
T2, charging periods Tcl and Tc2, and charging durations
Pcl and Pc2 are examples. Appropriate and optimum values
are determined in accordance with predetermined specifica-
tions of DC-DC converters 11 and 11A to 11C.

DC-DC converters 11 and 11A to 11C in accordance with
Embodiments 1 to 3 output a constant voltage by stepping up
or down a voltage of DC power supply 39, solar cells.
However, this is not limited. The present invention is
broadly applicable to DC-DC converters for stabilizing
output voltage Vo even if input voltage Vi fluctuates.

INDUSTRIAL APPLICABILITY

A DC-DC converter according to the present invention
can efficiently stabilize a voltage, and is thus, in particular,
effectively applicable to DC-DC converters for stepping up
and stepping down a voltage.

REFERENCE MARKS IN THE DRAWINGS

11, 11A, 11B DC-DC converter

13 input terminal

15 ground terminal

17 switching device (first switching device)

17P node (first node)

19 switching device (second switching device)

21 drive circuit (first drive circuit)

21P positive power supply terminal (first power supply
terminal)

23 drive circuit (second drive circuit)

23P positive power supply terminal (second power supply
terminal)

25 output terminal

27 switching device (third switching device)

27P node (second node)

29 switching device (fourth switching device)

31 drive circuit (third drive circuit)

31P positive power supply terminal (third power supply
terminal)

33 drive circuit (fourth drive circuit)

33P positive power supply terminal (fourth power supply
terminal)

35 inductor

37, 37A, 37B control circuit

43 bootstrap capacitor (first bootstrap capacitor)

45 diode

47 drive power supply (first drive power supply)

49 bootstrap capacitor (second bootstrap capacitor)

51 diode (second diode)

53 drive power supply (second drive power supply)

55 smoothing capacitor

61 bootstrap capacitor circuit (first bootstrap capacitor cir-
cuit)

61 bootstrap capacitor circuit (second bootstrap capacitor
circuit)

T1 on-off period (first on-off period)

T2 on-off period (second on-off period)

Tel charging period (second charging period)

Tc1A charging period (second charging period)

Tc2 charging period (first charging period)

Tc2A charging period (first charging period)



US 9,479,055 B2

19

Pcl charging duration (second charging duration)
PclA charging duration (second charging duration)
Pc2 charging duration (first charging duration)
Pc2A charging duration (first charging duration)
Vi input voltage

Vo output voltage

The invention claimed is:
1. A DC-DC converter configured to output an output

voltage obtained by converting an input voltage, compris-
ing:
an input terminal that has the input voltage applied

thereto;
an output terminal that outputs the output voltage;
a ground terminal;
a first switching device electrically connected in series
between the input terminal and a first node;
a second switching device electrically connected in series
to the first switching device at the first node and
between the first node and the ground terminal;
a first drive circuit that turns on and off the first switching
device;
a first bootstrap capacitor circuit including a first boot-
strap capacitor electrically connected to the first drive
circuit;
a second drive circuit that turns on and off the second
switching device;
a third switching device electrically connected in series
between the output terminal and a second node;
a fourth switching device electrically connected in series
to the third switching device at the second node and
between the second node and the ground terminal;
a third drive circuit that turns on and off the third
switching device;
a second bootstrap capacitor circuit including a second
bootstrap capacitor electrically connected to the third
drive circuit;
a fourth drive circuit that turns on and off the fourth
switching device;
an inductor electrically connected in series between the
first node and the second node; and
a control circuit electrically connected to the first drive
circuit, the second drive circuit, the third drive circuit,
and the fourth drive circuit,
wherein, in a case that the output voltage is lower than the
input voltage, the control circuit is operable to control
the first drive circuit, the second drive circuit, the third
drive circuit, and the fourth drive circuit as to:
turn on and off the first switching device and the second
switching device alternately and periodically at a
first on-off period;

turn off the third switching device and turn on the
fourth switching device so as to charge the second
bootstrap capacitor for a first charging duration peri-
odically at a first charging period longer than the first
on-off period; and

turn on the third switching device and turn off the
fourth switching device for a duration in the first
charging period other than the first charging duration
periodically at the first charging period, and

wherein, in a case that the output voltage is higher than the

input voltage, the control circuit is operable to control

the first drive circuit, the second drive circuit, the third

drive circuit, and the fourth drive circuit as to:

turn on and off the third switching device and the fourth
switching device alternately and periodically at a
second on-off period;
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turn off the first switching device and turn on the
second switching device so as to charge the first
bootstrap capacitor for a second charging duration
periodically at a second charging period longer than
the second on-off period; and

turn on the first switching device and turn off the
second switching device for a duration in the second
charging period other than the second charging dura-
tion periodically at the second charging period.

2. The DC-DC converter of claim 1, wherein a capaci-
tance of the first bootstrap capacitor is smaller than a
capacitance of the second bootstrap capacitor.

3. The DC-DC converter of claim 2,

wherein the first charging period is longer than the second

charging period, and

wherein the first charging duration is longer than the

second charging duration.

4. The DC-DC converter of claim 1, wherein a capaci-
tance of the first bootstrap capacitor is identical to a capaci-
tance of the second bootstrap capacitor.

5. The DC-DC converter of claim 4,

wherein the first charging period is identical to the second

charging period, and

wherein the first charging duration is identical to the

second charging duration.

6. The DC-DC converter of claim 1, further comprising

a smoothing capacitor electrically connected between the

output terminal and the ground terminal,

wherein a capacitance of the smoothing capacitor is larger

than a capacitance of the first bootstrap capacitor and a
capacitance of the second bootstrap capacitor.

7. The DC-DC converter of claim 1, wherein, in the case
that the output voltage is lower than the input voltage, the
control circuit is operable to control the first drive circuit, the
second drive circuit, the third drive circuit, and the fourth
drive circuit as to turn off the third switching device and turn
on the fourth switching device so as to charge the second
bootstrap capacitor for the first charging duration periodi-
cally at the first charging period at a timing when the first
switching device is turned on and the second switching
device is turned off.

8. The DC-DC converter of claim 7, wherein, in the case
that the output voltage is higher than the input voltage, the
control circuit is operable to control the first drive circuit, the
second drive circuit, the third drive circuit, and the fourth
drive circuit as to turn off the first switching device and turn
on the second switching device so as to charge the first
bootstrap capacitor for the second charging duration peri-
odically at the second charging period at a timing when the
third switching device is turned off and the fourth switching
device is turned on.

9. The DC-DC converter of claim 1, wherein, in the case
that the output voltage is higher than the input voltage, the
control circuit is operable to control the first drive circuit, the
second drive circuit, the third drive circuit, and the fourth
drive circuit as to turn off the first switching device and turn
on the second switching device so as to charge the first
bootstrap capacitor for the second charging duration peri-
odically at the second charging period at a timing when the
third switching device is turned off and the fourth switching
device is turned on.

10. The DC-DC converter of claim 1, wherein the first
on-off period is identical to the second on-off period.

11. The DC-DC converter of claim 1,

wherein the first bootstrap capacitor circuit is operable to

supply, to the first drive circuit, power for activating the
first drive circuit, and
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wherein the second bootstrap capacitor circuit is operable
to supply, to the third drive circuit, power for activating
the third drive circuit.

12. The DC-DC converter of claim 11,

wherein the first drive circuit includes a first power supply
terminal for supplying the power for activating the first
drive circuit,

wherein the second drive circuit includes a second power
supply terminal for supplying power for activating the
second drive circuit,

wherein the third drive circuit includes a third power
supply terminal for supplying the power for activating
the third drive circuit,

wherein the fourth drive circuit includes a fourth power
supply terminal for supplying power for activating the
fourth drive circuit,

wherein the first bootstrap capacitor is connected between
the first node and the first power supply terminal of the
first drive circuit,

wherein the second bootstrap capacitor is connected
between the second node and the third power supply
terminal of the third drive circuit,
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wherein the first bootstrap capacitor circuit further
includes:

a first drive power supply connected to the second
power supply terminal of the second drive circuit;
and

a first diode connected between the second power
supply terminal of the second drive circuit and the
first power supply terminal of the first drive circuit,
and

wherein the second bootstrap capacitor circuit further
includes:

a second drive power supply connected to the fourth
power supply terminal of the fourth drive circuit; and

a second diode connected between the fourth power
supply terminal of the fourth drive circuit and the
third power supply terminal of the third drive circuit.

13. The DC-DC converter of claim 12, wherein the first
drive power supply of the first bootstrap capacitor circuit
and the second drive power supply of the second bootstrap

20 capacitor circuit are implemented by a single common
power supply.



